The molar magnetic susceptibilities (^M) of spherical balls of rare-earth iron garnets REIG's, with RE = Y, Gd, Dy, Ho, Er and Yb, prepared from pellets pressed at pressures ranging from 2 to 8 x 10 7 kg m -2 , have been measured in the temperature range 300-900 K. It is found that £Ma exp( -/), where / is the pore fraction of the pressed balls. It has also been observed that for a particular garnet at a fixed temperature increases from powder through pressed material to single crystal. REIG's reveal typical ferrimagnetic behaviour with the ferrimagnetic Curie temperature (Tc) lying in the range 550-570 K for single crystals. In general, for pressed material Tc increases linearly with density. The /J^1 vs, T variation has been analysed using molecular field theory. It has been found that for
Introduction
The name rare-earth iron garnets (REIG) is given to a series of compounds with the general chemical formula REaFesO^, where RE stands for a rareearth. REIG's as a class of ferrimagnetic oxides were first established by Bertaut and Forrat [1] and independently by Geller and Gilleo [2] . These garnets have high initial permeabilities, a narrow hysteresis, low dielectric losses and high resistivities [3] [4] [5] . In technical applications they are used in the form of thin films, poly-or single crystals, powder and pressed pellets. Their structure [1, 2, 6] , magnetic [7] [8] [9] , optical [10, 11] , electrical transport [12 -14] and other properties have been reported. For the last several years we have been trying to understand the electrical transport and magnetic properties of lanthanide compounds, particularly their oxides [15] [16] [17] , tungstates [18] [19] [20] [21] [22] [23] [24] , molybdates [25] [26] [27] [28] and orthochromites [29, 30] . Recently we have studied the transport properties of Gadolinium and Dysprosium iron garnets [31, 32] and the magnetic susceptibility of Yttrium iron garnets doped with heavy lanthanides [33] . In this paper we report on the magnetic susceptibility of some rare-earth iron garnets REIG, where RE = Y, Gd, Dy, Ho, Er and Yb, in the form of powder and pressed balls. The garnets in general are cubic ionic compounds. The REIG structure is characterised by three types of sites, usually referred to as sites "a", "d" and "c". Three Fe 3 + ions occupy site "d" with tetrahedral oxygen surrounding, the other two Fe 3+ ions are located at site "a" with octahedral oxygen surrounding. The three RE 3+ ions occupy site "c" with dodecahedral oxygen surrounding. The lattice parameters together with the X-ray densities of different REIG are given in Table 1 .
Material and Experimental Technique
All REIG powders have been prepared in the usual way [4] from RE203 (M/S Rare-Earth Product Ltd., England) with stated purity of 99.99 percent and Fe203 (M/s Bonds, India) with stated purity of 99.99 percent. The compounds were thoroughly mixed, pelletized and heated at 1400 °C for five hours in a platinum crucible in air. The material was crushed, reground into powder, made into pellets again and retired under the same conditions for about ten hours. X-ray diffraction checks did show that single phase garnets have been obtained. The magnetic susceptibilities have been measured by Faraday's method on samples prepared separately for each garnet in each form. The measurement on each sample has been repeated once or twice. Gd2(W04)3 has been used as standard substance. A correction for the container has been taken into account. The overall error in these measurements is about two percent around 300 K and becomes about five percent at 900 K. The details are described elsewhere [34] .
Results and Discussion
The REIG powders were pressed to form small cylinders. Spherical samples of about 4 mm diameter were prepared from these cylinders. The densities (dv) of the cylinders have been measured by the usual method and are given in Table 1 together with the pore fractions (/).
The molar magnetic susceptibility of the powder and balls (pressed at 4 X 10 7 and 8xl0 7 kgm -2 ) have been measured in the temperature range 300 to 900 K at a field strength of 8.36 x 10 5 A-m-i (~ 11 kOe).
No hysteresis in the susceptibility has been observed during the heating and cooling cycles. The results for all the garnets are shown in Figure 1 . Obviously different curves are obtained for powders and pressed balls. The susceptibility increases from powder to pressed material to single crystals. This result is not altogether unexpected. In Fig. 2 , the molar magnetic susceptibility has been plotted against the density for different REIG's at a fixed temperature. The densities of the powders have been obtained by extrapolation of the d vs. p curves to p = 0. The variation of the molar magnetic susceptibility with density can be represented by the equation
where (/M)p and (^M)c are the molar magnetic susceptibilities of pressed material and single crystals, respectively, and / is the pore fraction given by where dv is the density of the pressed material and d0 is the X-ray density.
The XM 1 vs -T curves ( Fig. 1 ) are of the ferrimagnetic type. For T > Tc can be expressed by the relation
where 0a, 0b and 0 are empirical parameters, the physical significance of which is not assigned here. The values of 0a, 0b and CM are shown in Table 2 . The ferrimagnetic ordering temperature (Tc) is defined as the temperature at which XM 1 0. Using this definition one gets the following relation for evaluating Tc:
Only real and positive values of Tc are physically meaningful. The evaluated values of Tc for powder and pressed material of different garnets are also given in Table 2 . It is seen that Tc increases with pelletizing pressure. For a particular garnet it is highest for single crystals. The variation of Tc with d, as shown in Fig. 3 , can be represented by the relation
f = (do -dp)ld0,
The values of ra and q are given in Table 3 . The magnetically simplest garnet is YIG. It contains only Fe 3+ as magnetic ion at sites "a" and "d" and can be pictured by a two sublattice model with three types of magnetic interactions, w^hich are customarily represented by the constants a, ß and n [35] . These constants are related with the parametric temperatures 0a > öb and 6 and the Curie constants of the sublattices, namely Ca and Cd, by the relations given elsewhere [35] . From these relations a, ß and n for powder and pressed balls of YIG have been obtained and are given in Table 4 . Both a and ß are small compared to unity, which indicates that the a-d magnetic interaction dominates over the others, as expected. Further a, ß and n for powder and pressed pellets are nearly the same, indicating that the internal fields on various sites remain unchanged. Thus the increase in XM from powder to pressed pellets to single crystal is not a microscopic effect but related to the grains. The interaction between these magnetized granules affects the value of XM-Obviously, the interaction will be larger in more dense packed granules. The case of single crystals seems to be entirely different. Here the highest value is obtained because there are no grain boundaries and long range ordering extends over the whole crystal. Such results have also been observed by other workers for other materials [36, 37] . The size of the grains may also affect the XM values. However, we did not observe such effects. The dependence of XM on density may be important in applications.
In the other REIG's we have an additional magnetic ion RE 3 + situated at site "c". Thus we have three sublattices and six magnetic interactions. These interactions are nearly same for a garnet in either form, and have been evaluated for single crystals elsewhere [7] , At temperatures T > Tc the magnetic interactions become weak compared to the thermal energy kT and hence XM can expressed by the relation
where /up Bohr's magneton, juo is the permeability of free space, 5 N and 3 N are the number of Fe 3+ and RE 3+ ions per gram-mole of REIG (N being Avogadro's number), p is the magneton number of Fe 3+ ion, p' is the magneton number of RE 3+ ion, and 0a and 0a' are the paramagnetic Curie temperatures which take into account the effect of various interactions on Fe 3+ and RE 3+ ions respectively. At higher temperature the ratio (I 7 -0a)/(T -0a') tends to unity and (6) reduces to
is the average magneton number per magnetic ion of the REIG. It has already been pointed out that the XM. °f all studied garnets can be expressed by (3). For T-> oo this relation reduces to
This is the equation of the asymptotic line to curve expressed by (3) . From the slope of the asymptotic line CM can be obtained. Comparing (7) and (9) Experimental values of p have been evaluated from the values of CM and are given in Table 5 . Theoretical values of p and p' are known, and hence one can evaluate theoretical values of p using (8) . It is seen from Table 5 that there is fair agreement between the theoretical and experimental values of p. The agreement becomes closer for dense balls. However, the experimental p values are somewhat 
where p" is the magneton number for Fe 4+ ions and 0a" is the paramagnetic Curie temperature which takes account of various interactions involved. At very high temperatures (T -^OO) the ratios (T -0a)/(jT -0a') and (T -0a)/(T -0a") will tend to unity and the above relation can be approximated by 3k(T-d&) 
The estimated number of Fe 3+ ion vacancies in the different garnets are given in Table 5. 4. Conclusions 1. The magnetic susceptibility of rare-earth iron garnets increases exponentially with pore fraction from powder to pressed material to single crystal.
2. Rare-earth iron garnets exhibit a typical ferrimagnetic characteristic. The magnetic ordering temperature lies in the range 550-570 K for single crystal. For pressed material and powder it is lowered.
3. Tc for a particular REIG is lowest for powder and highest for single crystal. It varies linearly with density.
4. At very high temperatures (T > Tc) the magnetic ions in REIG's behave as if they were almost free and the magnetic susceptibility varies inversely with the absolute temperature. There is fair agreement between the average magneton number per ion as obtained from ^M 1 vs -T slopes and calculated values taking all ions as free.
5. Below Tc, the magnetic susceptibility becomes a complex function of the magnetic field and temperature. However, at a particular field it increases with decrease of temperature. One of the authors of this paper (VRY) is thankful to University Grant Commission, India for the award of Teacher Fellowship to him.
